ABSTRACT
INTRODUCTION
Retroviruses are ribonucleoprotein (RNP) complexes that assemble at host cells' plasma membranes. Their predominant RNA component is the unspliced retroviral genome, but virions also contain a number of host cell noncoding RNAs (3, 38, 45) . Subsets of these RNAs are overrepresented in virions relative to their abundance in host cells (38) . Other than the primer tRNA, which anneals to the primer binding site on viral genomic RNA (gRNA) and initiates minusstrand DNA synthesis, the manner of recruitment of these RNAs and whether or not they function in retrovirus biology is unknown (5, 29, 30) . Virion assembly does not require viral gRNA, but RNA of some sort is required for assembly, thus suggesting host RNA can serve this role (27, 33) . Although prevailing notions suggest nonspecific RNA interactions drive retrovirus assembly (20) , the concentration within virions of particular subsets of host cell noncoding RNAs suggests that their recruitment may have functional significance for viral assembly or other replication processes.
Among the most highly recruited noncoding cellular RNAs in MLV are mY1 and mY3 (38) . These RNAs are enriched in MLV particles to a similar degree as the highly packaged 7SL RNA (7S or SRP RNA) (38) . Packaging of 7SL RNA, the scaffolding RNA of host cell signal recognition particles, is observed for a number of retroviruses including Rous sarcoma virus (RSV) (4), MLV (11, 38, 41) and HIV-1 (39) . In MLV, 7SL is present at three-to four-fold molar excess to gRNA, and therefore packaged at approximately six to eight copies per virion (38) . HIV-1 particles contain roughly 10 to 14 molecules of 7SL per gRNA dimer (39) . Like MLV, HIV-1 also packages at least some Y RNAs, albeit at a lower level of enrichment than 7SL (1, 25, 57) .
on October 20, 2017 by guest http://jvi.asm.org/ Downloaded from 4 mY1 and mY3 are host RNA polymerase III transcripts of ~100 nucleotides. Both these mouse RNAs fold into similar structures consisting of 5' and 3' ends joined in a base-paired stem surrounding an internal, largely single-stranded, loop (8) . Within cells, most mY RNAs are complexed with the host cell protein Ro60, which appears to function in quality control of misfolded noncoding RNAs (7, 36, 44) . Structural analysis suggests Y RNA binding may inhibit Ro60 access to misfolded RNAs, as Ro60 binding sites for Y RNAs partially overlap those for misfolded RNAs (18, 54, 62) . In agreement with this hypothesis, a bacterial Y RNA inhibits the function of its Ro orthologue in 23S rRNA maturation (9). It has been suggested that Y RNA binding might sequester Ro60 in the cytoplasm, thereby preventing Ro60's interaction with nascent nuclear transcripts (36, 42) . Consistent with this view, the mouse Ro protein was recently shown to contain a signal for nuclear accumulation that is masked by Y RNA binding (50) .
Here, we demonstrate that mY1 and mY3 are recruited into MLV virions without the cellular protein Ro60. Ro60 is necessary for the cellular stability of mY1 and mY3, and therefore Ro60 knockout cells contain only very low levels of these RNAs. Surprisingly, MLV packaged high levels of mY1 and mY3 when it replicated in Ro60 knockout cells. These findings demonstrate a remarkable degree of selectivity for mY RNA encapsidation into MLV particles and suggest mY RNAs are recruited for MLV packaging from a very early stage in their biogenesis.
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The lengths of Y RNA processing intermediates were also examined by high resolution denaturing acrylamide gels ( Figure 5A ). These results confirmed that the spectra of mY RNAs in processing by an as yet unknown mechanism.
Because they appear to be recruited early, one possibility is that mY RNAs may be selected for encapsidation into MLV from near their site of transcription in the nucleus ( Figure   6 ). The possibility of nuclear recruitment is plausible, considering that known pools of proteinfree Y RNAs localize to perinucleolar sites of early RNP assembly (32) . Although assembly of MLV, as for all retroviruses classically described as type C, is first visualized at the plasma membrane (17) , the notion that retroviral late replication phases may include a nuclear step is not unprecedented, as it has been shown that a portion of avian sarcoma virus Gag molecules transit through the nucleus prior to assembly (47) (48) (49) . Although one study reported that 18% of MLV infected cell-associated Gag immunoprecipitated from nuclear fractions, it remains controversial whether or not retroviruses other than ASV share this step (34) .
If mY RNAs are recruited in the nucleus, they may join a complex that includes MLV gRNA. The hypothesis that MLV gRNAs transit directly from the nucleus to sites of assembly is supported by the propensity of sibling MLV gRNAs, but not those of HIV-1, to self-associate for packaging (13) . When sibling gRNAs are expressed from a single nuclear locus or proximal integration sites, they associate randomly (14, 26, 43) . The impact of nuclear distance on gRNA dimer partner selection argues for an early association of gRNA siblings and an early formation 38, 57), although the argument for chance interactions may be weakened if some retroviruses include a nuclear preassembly step while others do not (10, 13) . Accumulating evidence suggests that some viruses co-opt protein quality control machinery to aid their replication (59): the work here adds to evidence for a similar intersection between retrovirus assembly and cellular machinery associated with RNA quality control (2, 19) .
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